Hemangiopericytoma (HPC) is a rare vascular tumor, which is thought to originate from pericytes. However, no direct evidence for the cell of origin has been found, and the mechanism of HPC tumorigenesis is poorly understood. Here we report that loss of the tumor suppressor gene Tsc2 in pericytes using a FoxD1 promoter driven cre allele (Foxd1 tm1(GFP/cre) Amc , FoxD1 GC ) leads to the formation of HPC in multiple sites. Tsc2 ff FoxD1 GC mice had stunted growth with seizures and tail and hind limb tremor with a median survival of 110 days. They also showed recombination in brain, spinal cord, tongue, liver, intestine and skeletal muscle. Distinctive perivascular tumors consisting of cells with oval nuclei and scant cytoplasm were identified in multiple sites in all Tsc2 ff FoxD1 GC mice. Immunohistochemistry staining showed a high expression of phospho-S6-S240/244, a hallmark of activated mTORC1, as well as pericyte markers NG2 and vimentin in these tumors. In summary, we demonstrate that loss of Tsc2 in pericytes generates HPC, the first mouse model of HPC reported.
Introduction
Hemangiopericytoma (HPC), a rare vascular tumor thought to originate from pericytes, was first defined by Stout and Murray in 1942 (1) . HPC was originally classified into adult and infantile variants, but they are now thought to be different pathologic entities due to their different clinical manifestations and histomorphologies (2) . Adult HPC has overlapping features with solitary fibrous tumors (SFT). However, infantile HPC is closely related to infantile myofibromatosis. Adult HPC occurs in middle-aged and older patients with an equal sex distribution, whereas infantile HPC occurs either congenitally or in the first few years of life (3, 4) . The pelvis and retroperitoneum are the most commonly involved organs in adult women (5) . Furthermore, HPC commonly arises in the meninges, representing 2-4% of all meningeal tumors (6) . Most HPC are benign, but 10-20% are of borderline or frank malignant potential as assessed by nuclear atypia, mitotic activity and clinical characteristics (7) . Although the pericyte has been thought to be the cell of origin of HPC for many years, direct proof of this has been elusive.
Pericytes were first described in 1871 by Eberth (8) . They are a population of vascular mural cells that surround the endothelial cells (ECs) of small blood vessels, being found below the smooth muscle cell (SMC) layer seen in larger vessels (9) . Pericytes act as regulators of vascular morphogenesis during development and cardiovascular homeostasis (10) . Pericytes also play roles in the development of diabetic retinopathy and tissue fibrosis (11, 12) . Some pericytes can give rise to adipocytes, cartilage, bone and muscle, such that some are thought to have mesenchymal stem or progenitor cell properties (10, (13) (14) (15) (16) .
Tuberous Sclerosis Complex (TSC) is due to mutations in either the TSC1 or TSC2 tumor suppressor genes. TSC1 (hamartin) and TSC2 (tuberin) form a heterotrimeric complex, along with TBC1D7, which acts as a critical regulator of the mammalian target of rapamycin complex 1 (mTORC1) through its action on the RHEB GTPase (17) . Genetic loss of both alleles of either TSC1 or TSC2 leads to constitutive activation of mTORC1, leading to unregulated synthesis of biosynthetic precursors including nucleotides, lipids and proteins, as well as macromolecular structures such as ribosomes, enlarged cell size and promotes tumor development (18) (19) (20) . Several tumors and other lesions occurring in TSC individuals at high frequency are characterized by abnormal vascular structures, including renal angiomyolipoma and pulmonary lymphangioleiomyomatosis. Furthermore, previous studies have shown that the distinctive vessels of renal angiomyolipoma are neoplastic and positive for pS6 staining (21) . In addition, renal angiomyolipoma have been shown to express pericyte antigens including α-smooth muscle actin (α-SMA), desmin, CD146 and platelet-derived growth factor receptor-β (PDGFR-β) (22, 23) , suggesting that renal angiomyolipoma may originate from pericytes (23) .
Hence, we examined the possibility that loss of Tsc2 in pericytes in the mouse might lead to vascular pathology similar to that seen in TSC. We found consistent HPC development in multiple organs in these mice, but no evidence of renal angiomyolipoma or lymphangioleiomyomatosis. at the age of 6 months, and multiple tumors were identified in the head (8 of 8), tongue (8 of 8) and tails (8 of 8) . No tumors were seen in these regions in the control group that also had wholemouse necropsy (n = 4). The tumors were somewhat variable but were typically well circumscribed and composed of cytologically uniform small, basophilic, ovoid to spindled cells with an oval nucleus and ill-defined cytoplasm. These cells were disorganized and surrounded numerous thin-walled ramifying blood vessels ( The tripartite organization of a canonical blood vessel includes ECs, SMCs and pericytes. We anticipated that the tumors seen were derived from pericytes, given the cre allele that had been used, and used cell type-specific markers to assess this by immunohistochemistry (IHC). All the tumors examined from multiple locations were strongly positive for vimentin, an intermediate filament protein commonly used as a pericyte marker, and showed diffuse staining of NG2 and PDGFR-β, both of which are also commonly used to label pericytes (Fig. 2) . In contrast, aberrant small blood vessels within these tumors showed high expression of the EC marker CD31, which was not expressed by the tumor cells (Fig. 2 right column, CD31 ). Tongues from control mice did not show any tumors and only normal small blood vessels were highlighted by CD31 (Fig. S1 ). As noted above, most human HPCs are benign, and HPCs found in our mouse model showed no mitotic figures and were negative for each of Phospho-Histone H3 (Ser10) (Fig. S2B and E) and Ki67 staining (data not shown).
Results

Tsc2
mTOR hyperactive pericytes induced by Tsc2 recombination contribute to multifocal HPCs
To assess the extent of Tsc2 recombination, the tdTomato reporter allele was introduced, producing Tsc2 ff FoxD1 GC+ tdTomato + mice.
Immunofluorescence (IF) on frozen sections revealed extensive recombination in pericytes in the tongue (Fig. 3A) and intestine (Fig. 3C) , confirming that recombination in pericytes was occurring to cause tumor formation. Tongues from control mice (Tsc2 ff FoxD1 GC-tdTomato + ) did not show red dTomato fluorescence indicative of a lack of recombination (Fig. 3B) . None of the 8 Tsc2 ff FoxD1 GC+ mice subject to whole-mouse necropsy showed any significant pathology in the kidney or lung, even though pericytes in the kidney showed evidence of recombination in Tsc2 ff FoxD1 GC+ tdTomato + mice (n = 8; Fig. 3D , E, F). Pericytes in HPCs from both the tongue and face were positive for pS6 (S244/246) and vimentin, (Fig. 2, pS6 (S244/246); Fig. S2C and F) , confirming that mTORC1 was activated secondary to Tsc2 loss in these cells.
Pathological and clinical effects of loss of Tsc2 in other cell types
In addition to the expected recombination in pericytes, we saw evidence for recombination in other cell types in Tsc2 ff FoxD1 GC+ mice. Expansion of one or more vertebral bodies of Tsc2 ff FoxD1 GC+ mice caused some degree of cord compression in 6 of the 8 mice subject to whole-mouse necropsy (Fig. 4B) , whereas the control mice (Tsc2 fw FoxD1 GC+ ) (Fig. 4A) had normal vertebral bodies. This was likely due to recombination and loss of Tsc2 in osteoblasts and/or osteoclasts, which is known to cause bone cortical hypertrophy (26) . Neurons in both the spinal cord (Fig. 4D , E, F) and brain (data not shown) showed marked enlargement in comparison to controls (Fig. 4G, H, I ) and were likely the cause of spontaneous seizures as well as tail and hind limb tremor in 6 of 8 of Tsc2ffFoxD1GC+ mice. Similar findings have been made previously in brain-specific models of TSC (27, 28) .
Discussion
HPC was first described in 1942, and has been a focus of pathologic investigation since then (1) . The 2013 World Health Organization (WHO) classification of tumors of soft tissue and bone considers HPC and SFT to be synonyms for the same tumor type, which is currently called SFT within the category of fibroblastic/myofibroblastic tumors (29) . The majority of SFTs occur in the pleura, meninges and soft tissue locations, and are rare in all sites (5,6). About 10% have an aggressive clinical behavior with local or distant recurrence. Surgical resection is the main treatment approach (7). A major advance in our understanding of the pathogenesis of these rare tumors was the identification of recurrent gene fusions involving the genes NAB2 and STAT6 in SFT/HPC (30). Subsequent studies have shown that this fusion is highly consistent in SFT, with prevalence over 90% in several series (31, 32) . The fusion involves different exons of NAB2 and STAT6, and the precise fusion site appears to influence clinical behavior of SFT (33) , though further study is needed. The fusion event leads to the constitutive location of the fusion protein in the nucleus, as shown by consistent nuclear localization of both proteins by IHC in SFT (30) . This occurrence is thought to lead to constitutive STAT6 signaling. In addition, the Akt/mTOR pathway is reported to be activated in a substantial fraction of SFT/HPC (34). Our observations suggest that mTORC1 is a driver of HPC in mice, while STAT6 is a driver in human HPC, suggesting the possibility that the two genetic events have similar pathway outcomes in pericytes.
Previous studies have noted that renal angiomyolipoma express ANG II type 1 receptors, PDGFR-β, desmin, α-SMA and vascular endothelial growth factor receptor-2 (VEGF receptor 2), suggesting that angiomyolipoma are derived from pericytes (22) . Furthermore, serum from TSC patients with angiomyolipoma have increased levels of VEGF-A, VEGF-D, soluble VEGF receptor 2 and collagen type IV (35, 36) , and VEGFD is also increased in patients with lung lymphangioleiomyomatosis (37) . As noted, we found that none of the kidneys or lungs from 8 Tsc2 ff FoxD1 GC+ mice showed evidence of either of these tumors, despite clear evidence of recombination in kidney pericytes (Fig. 4) . Therefore, our data suggest that angiomyolipoma and lymphangioleiomyomatosis do not derive from pericytes. Foxd1 is reported to be expressed at embryonic days 6-8 (E6-8) during development in the mouse (38, 12) , and to be expressed in all types of pericytes. Furthermore, we achieved robust recombination in Tsc2 ff FoxD1 GC+ pericytes leading to development of HPC in multiple organs. Nonetheless, it is possible that a different timing of recombination in pericytes is required to lead to angiomyolipoma and/or lymphangioleiomyomatosis, that pericyte development differs significantly in human and mouse, making it impossible to generate these tumors from pericytes in the mouse, or that the FoxD1 cre allele is not expressed in all pericytes, missing the pericytes that give rise to these tumors. Typical renal angiomyolipoma are composed of varying proportions of poorly organized blood vessels, immature SMCs, epithelioid cells and fat cells (21) . Previous studies have shown that all components express pericyte markers to some degree, suggesting that all renal angiomyolipoma cells are derived from pericytes (22, 23) . In our mouse model, it seems that pericytes efficiently give rise to HPCs directly as a consequence of Tsc2 loss. However, it is notable that pericytes are present in all organs, and we have shown in many organs that there is recombination and loss of Tsc2 in pericytes. Nonetheless, we saw HPC development only in selected sites, not in the lung or kidney. There are many possible explanations for this, including different developmental patterns in mouse than in human, and the role of other cell types in tumor development, the microenvironment. Hence, our studies do not exclude the possibility that angiomyolipoma and lymphangioleiomyomatosis derive from pericytes in patients, and further study is required.
Materials and Methods
Mice
Tsc2
ff mice were previously generated (25) 
Statistical analysis
Means and standard deviations were calculated, and the Wilcoxon rank-sum test was used to compare mouse body weight and lengths. All P-values < 0.05 are considered to be significant.
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